SUMMARY To assess the effects of moderate potassium cardioplegia (37 mEq/l KCI) on the severity of myocardial ischemia during arrest and on post arrest ventricular function, 32 isolated, isovolumic feline hearts were studied before, during and I hour after ischemic arrest. Normothermia (37°C) was maintained in 16 hearts, eight without KCI and eight with KCI. Hypothermia (27°C) was maintained in the remaining 16 hearts, eight with KCI and eight without KCI. Myocardial oxygen (PmO,) and carbon dioxide tensions (PmCO,) were measured by mass spectrometry. Maximum developed intraventricular pressure (max DP) and max dP/dt were used as indices of performance. Compared with normothermic or hypothermic arrest alone, the addition of potassium cardioplegia resulted in a significant reduction in the peak PmCO2 measured during the arrest period. Hypothermia alone resulted in morphologic evidence of improved myocardial preservation and a significant reduction in peak PmCO, compared with normothermia. Post arrest ventricular function was best with the combination of hypothermic arrest and potassium cardioplegia (max DP = 96 ± 6% of control and max dP/dt = 99 ± 5% of control). These data suggest that the beneficial effects of potassium cardioplegia and 27°hypothermia are additive, and that reduction in myocardial ischemia as evidenced by a reduction in peak PmCO, correlated with improvement in ventricular performance in the post arrest period and with preservation of myocardial structure.
ISCHEMIC CARDIAC ARREST during open heart surgery provides a tranquil operative field and thereby facilitates valve replacement, direct coronary artery revascularization procedures and the definitive correction of complex congenital anomalies. Once cardiopulmonary bypass is instituted, aortic cross-clamping totally interrupts coronary flow, resulting in fibrillation. Although observable mechanical activity soon stops, electrocardiographic evidence of energyconsuming fibrillation continues until energy substrates are depleted. By reducing metabolic activity, myocardial cooling can prolong the safe period of ischemia. [1] [2] [3] In addition, various studies suggest that hyperkalemic arrest at the time of aortic crossclamping preserves myocardial function after the ischemic period by quickly inducing electromechanical arrest and thereby reducing substrate utilization.2' 4-7 Early experience with hypertonic potassium citrate arrest was unfavorable due to structural evidence of myocardial damage directly related to the cardioplegic solution.8' 9 More recent reports have advocated use of a moderately hyperkalemic, isosmotic solution as an adjunct to hypothermia during ischemic arrest.10 Utilizing such a solution, this study was designed to determine the effect of potassium cardioplegia on development of myocardial ischemia during cardiac arrest at normothermia and at 270 C hypothermia. Furthermore, the protocol allowed for examination of the relationship between severity of ischemia as assessed by myocardial gas tension changes during the arrest period and post arrest ventricular performance. Light and electron microscopic analysis was performed to determine the presence or absence of morphologic changes due to ischemia, and particularly to search for any structural changes attributable to the potassium solution itself.
Methods
Thirty-two mongrel cats weighing 2-3 kg each were anesthetized by intraperitoneal injection of sodium pentothal (30 mg/kg). After adequate anesthesia was achieved, the thoracic cavity was entered via median sternotomy and the beating heart was quickly excised. The heart was immersed in chilled (10°C) KrebsRingers Bicarbonate Solution (KRB), and within 1 minute was cleaned of its pericardial remnants and transferred to the perfusion apparatus ( fig. 1 ). The ascending aorta was slipped on to a perfusion cannula at the base of a continuously overflowing fluid column 110 cm in height and was banded in place, establishing linear coronary perfusion retrograde through the aorta at a constant pressure of 81 mm Hg ( fig. 1 ).
Modified KRB perfusatell was bubble oxygenated with an 02:CO2 gas mixture (95% :5%), while maintaining the oxygen tension of the perfusate less than 300 mm Hg to avoid factitious elevation of myocardial oxygen tension (PmO2). Hearts that did not spontaneously defibrillate after 2 minutes of coronary perfusion were electrically converted with pulses of 0.5-2 watt-seconds (Medrad Cardioverter Model 72103-A2). Next, the left atrial wall was excised and the POTASSIUM CARDIOPLEGIA/Schaff et al. mitral valve leaflets were freed from their papillary muscle attachments, effectively venting the left ventricle and facilitating the insertion of a latex balloon in the cavity of the left ventricle ( fig. 2 ). As depicted in the diagram, the flaccid balloon was secured with a tie around the tip of a rigid cannula which, in turn, was attached to a plastic button. The button with attached balloon was sewn into the mitral annulus with three fine cardiovascular silk sutures passed through three oversized holes in the plastic button; this also served to vent thebesian flow. A flange on one end of the button occluded the aortic outflow tract to prevent herniation of the saline-filled balloon during ventricular systole. The balloon cannula was connected via a three-way stopcock to either a low volume pressure transducer (Statham P23Db) or to a syringe in which the balloon was filled with enough saline to produce a left ventricular end-diastolic pressure (LVEDP) of approximately 10 mm Hg. With this arrangement, continuous recordings were made of left ventricular pressure and dP/dt. (Honeywell HM 1508 Visicorder; Accudata 132 Differentiator). Alterations in the LVEDP in this isovolumic preparation effected by a 1-hour ischemic period were studied. The sinus node was crushed and all hearts were paced at 110 beats/min with a pulse amplitude of 5-7 mV (Medtronic 5880 Pacemaker). Myocardial temperature was monitored by a thermistor probe positioned in the cavity of the right ventricle via the main pulmonary artery, and all hearts were stabilized for 10-30 minutes at 35-37°C.
The myocardial gas probe was a 22 gauge stainless steel tubing covered with heat-shrinkable teflon. Over thd distal 19 mm of the probe, the teflon was left in its expanded state. Myocardial oxygen and carbon dioxide molecules diffuse across the teflon membrane according to their partial pressures, passing through slots in the stainless steel tubing into a vacuum mass spectrometer (Medspect Model MS-8). Before each preparation, the mass spectrometer probe was calibrated by immersion in a water-filled tonometer (370) which had been equilibrated with a gas mixture of known content. After a 1 mm incision was made in the epicardium, the distal 2 cm of the probe was inserted tangentially to a midmyocardial depth in the posterolateral wall of the left ventricle in the distribu-,ion of the circumflex coronary artery ( fig. 2 ) and secured with a pursestring suture.
The KRB perfusate was filtered and not recir--ulated; total coronary effluent was measured volumetrically. Perfusate pH was monitored frequently and remained in the range of 7.4-7.6 .
After the initial stabilization and baseline record- Since alteration in temperature affects principally the gas permeability constant of the teflon membrane of the mass spectrometer probe, partial pressures of oxygen and carbon dioxide recorded during the period of 27°C hypothermia were corrected by the method of Holness and Brock.12 In all hearts, ischemia was terminated after 1 hour by the slow release of the aortic cross-clamp and reperfusion at 37'C. Defibrillation was performed after 3 minutes of reperfusion. All hearts in the normothermic and normothermic + KCI groups required cardioversion. Two hearts in the 270 group and seven of eight hearts in the 270 ± KCI group defibrillated spontaneously within 3 minutes after release of the cross-clamp. Hearts were maintained, with balloons deflated, in the beating, non-working state for the first 15 minutes of reperfusion, after which the original volume was re-infused into the intraventricular balloon. After 45 minutes of reperfusion, with the final 30 minutes in the beating, working state, all hearts were quickly removed from the apparatus and the gas probe position and aortic outflow tract occlusion were confirmed. Biventricular wet weights were determined and the hearts were sectioned for histologic analysis. Transverse sections of myocardium for light microscopy were fixed in acetate buffered 10% formalin, paraffin-embedded, sectioned and stained with hematoxylin and eosin, and phosphotungsten acid hematoylin stains. Ischemic damage was graded on a scale of 0 to 4 + , based on the severity of injury on a complete transverse section through the mid portion of the left ventricle. The slides were reviewed blindly by two independent observers.
Samples of myocardium for electron microscopy taken after the experiment were fixed in cold 3% gluteraldehyde in 0.1 M phosphate buffer, washed with several changes of 0.1 M phosphate buffer (pH 7.4), post-fixed for 1/2hours with osmium tetroxide in sucrose-phosphate buffer, dehydrated in a graded series of alcohols and acetone and embedded in epoxy resin. Semi-thin (1 A thick) sections of epoxy resin embedded tissues were stained with toluidine blue and examined with the light microscope. Ultra-thin sections were stained with lead citrate and uranyl acetate and examined with the electron microscope (AEI).
Results

Myocardial Metabolism
The mean control myocardial carbon dioxide tension (PmCO2) in the four groups ranged from 60 ± 4 mm Hg to 69 ± 6 mm Hg before arrest, and differences were not statistically significant ( fig. 3 ). With aortic cross-clamping and ischemic arrest at normothermia, PmCO, rose steadily to 342 ± 18 mm Hg by the end of the 1-hour arrest period. In the group of hearts arrested with potassium and maintained at 370, the PmCO2 rose less rapidly to a peak value of 293 ± 12 mm Hg (P < 0.05 at the end of the arrest period. Also, after 15, 30 and 45 minutes of ischemia, PmCO2 in the normothermic potassium hearts was significantly (P < 0.005) lower than in the hearts arrested without potassium. In the group of hearts cooled to 270C during arrest, PmCO2 rose to 232 ± 11 mm Hg after 1 hour of ischemia. With the addition of potassium cardioplegia to 270 hypothermia, the maximum PmCO2 value during arrest was markedly lower at 119 ± 8 mm Hg (P < 0.001). Furthermore, during the arrest period the rate of rise in PmCO2 with potassium arrest at 270 was 0.5 mm Hg/min compared to 2.9 mm Hg/min with hypothermia alone. Thus, the accumulation of myocardial CO2 during arrest was significantly reduced by the addition of potassium cardioplegia in both the 370 and 27°hypo-thermia groups.
With release of the cross-clamp, PmCO2 rapidly fell toward normal values, and no significant differences were noted after 45 minutes of reperfusion. However, 5 Hg, a value which was significantly lower (P < 0.005) than the PmCO2 in the group with hypothermia alone.
There were no significant differences in PmO2 among the four groups ( fig. 4) Widened spaces between myocardial cells suggesting intercellular edema was present throughout, but were most marked in the portions of myocardium containing contraction band injury. Although contraction band injury was present to some degree in all specimens, there were differences in the severity of these lesions between the groups. Grading contraction band injury on a scale of 0 to 4 +, the normothermic group without potassium averaged 1.8, the normothermic group with potassium 1.8, the hypothermic group without potassium 1.1, and the hypothermic group with potassium 0.9. Major differences were seen between those hearts treated with hypothermia and those treated without hypothermia. In contrast, only minor differences were seen between the hypothermic group treated with potassium plus hypothermia and the group treated by hypothermia alone, but the potassium-treated group tended to show less contraction band injury.
Ultrastructural changes
Cells which appeared to be swollen and contain contraction bands by light microscopy showed similar changes by electron microscopy. Swollen cells contained large intracellular vacuoles and spaces ( fig. 9 ) and the sarcolemma was frequently lifted up from the cytoplasm ( fig. 10 ). Mitochondria were swollen, showing cleared spaces and disruption of the usual orderly cristal pattern. Granular densities were prominent in many of the swollen mitochondria ( fig. 4) . Within the swollen cells, groups of myofibrils often contained contraction bands in which several sarcomeres were compressed together, disrupting the usual in-register appearance of the sarcomeres. Although these ultrastructural changes occurred in all specimens, they were clearly least prominent in the groups of hearts subjected to hypothermic arrest, and most prominent in those subjected to normothermic arrest. Hearts in the hypothermic potassium arrest group appeared to show slightly less injury than the hearts subjected to hypothermic arrest alone, but the differences between these two groups even at the electron microscopic level were not marked. Discussion This study demonstrates the additive beneficial effects of potassium cardioplegia and hypothermia on ischemia during a period of aortic cross-clamping and on preservation of ventricular function following reperfusion. Potassium cardioplegia reduced myocardial CO2 production both in hearts maintained at normothermia (37°C) and in hearts cooled to 27°C (hypothermia). Return of cardiac performance and preservation of cellular morphology following reperfusion was best in those hearts which were arrested with potassium and maintained at 27°C during the ischemic period. Contrary to the findings of Engleman et al.,13 there was no evidence of additional morphologic myocardial injury associated with the use of potassium cardioplegia by light or electron microscopy. These data thus confirm the safety and benefits of an isosmotic, moderately hyperkalemic, cardioplegic solution.
Lam et al. ' 10-15O C. While further cooling to 40 C resulted in greater preservation of myocardial glycogen and high energy phosphate stores, while ventricular performance after reperfusion was not improved. These authors39"--concluded that this more extreme degree of hypothermia resulted in permanent myocardial damage, possibly due to solidification of crystallization of membrane lipids or damage to membranebound ATPases. A recent study from our laboratory using the isolated feline heart preparation demonstrated that cooling to 100 or 20°C, while resulting in lower peak CO2 tensions during 60 minutes of ischemic arrest, did not result in improved recovery of ventricular function compared to cooling to 27°C. 42 The cardioplegic solution used in the present study was a modified Krebs Henseleit solution to which more potassium was added and from which all the calcium was removed. Hyperkalemic depolarization of the myocardial cell membrane, much like a physiologic depolarizing stimulus, induces a tonic contraction of the myofibril. In the presence of a normally functioning relaxing mechanism, the tension developed should gradually fade, although the membrane remains depolarized. Under conditions of global ischemia, however, normal relaxation, an energy-requiring process, would be impaired and thus, contracture would occur. This maintenance of contraction can be prevented, however, by providing a calcium-free milieu.
The term "ischemic cardiac arrest,"' as it is currently used, is technically imprecise. Cardiac arrest, or the absence of all mechanical and electrical activity, does not occur immediately after aortic cross 
